The aim of the present study was to evaluate pre-existent subclinical mechanical atrial dysfunction in patients with postoperative atrial fibrillation (POAF) by using novel echocardiographic techniques.
ostoperative atrial fibrillation (POAF) is a common complication after cardiac surgery, which causes prolonged hospitalization, thromboembolic complications and a higher morbidity rate. Incidence of POAF is reported between 10 and 50% after cardiac surgery. 1 The etiology of POAF is currently not completely understood, although some recent studies suggest that atrial mechanical dysfunction caused by the effects of oxidative stress, inflammation and atrial fibrosis, has a role. 2, 3 Atrial systolic dysfunction is also observed in patients with coronary artery disease (CAD). 4 Therefore, by the acute stress of surgical intervention, the atria which already have subclinical mechanical dysfunction might develop acute functional decline, and clinically manifested as POAF.
Preoperative atrial systolic dysfunction has the potential to predict the development of POAF after coronary artery bypass graft (CABG) operation. Thus, the measurement of atrial functions might be clinically useful to identify patients with the risk of POAF after CABG. Although insufficient to demonstrate subclinical atrial mechanical dysfunction, conventional echocardiographic parameters, such as left atrial (LA) diameter, area and volume are widely used to evaluate LA dysfunction in patients with POAF. 5 Recently, tissue Doppler imaging (TDI) and strain imaging techniques presented to be reliable and accurate novel techniques in evaluation of global and regional cardiac functions. 6, 7 As TDI has the disadvantage of being angle dependent, 2-dimensional (D) strain imaging has the superiority of allowing non-invasive TAYYARECI Y et al.
functional quantification of the cardiac regional independent from cardiac angle and tethering effects. 8 Velocity vector imaging (VVI) is a novel 2-D speckle tracking algorithm developed by Siemens (Mountain View, CA, USA). It is shown to be a reliable method for quantifying regional contractile dysfunction and identifying subclinical cardiac dysfunction. 9, 10 In the current study, we aimed to evaluate pre-existent subclinical mechanical atrial dysfunction in patients who develop POAF after CABG by using novel echocardiographic techniques.
Methods

Study Design and Patient Population
We prospectively included 124 patients who underwent coronary angiography and referred for elective isolated CABG surgery into the study. Because of poor acoustic window and low quality for strain imaging, we excluded 28 patients from the study. As a result, 96 patients (mean age 64±12.4 years and 85% male) were enrolled. Inclusion criteria were having elective, isolated CABG surgery (no concomitant cardiac or extra-cardiac surgery) and preoperative sinus rhythm. We excluded the patients in current AF or have recently terminated AF (within 1 week), urgent or emergency surgery, renal failure, repeat CABG, moderate or severe valvular heart disease, poor echocardiographic image quality, recent myocardial infarction (MI) (<1 month), congestive heart failure, left ventricular (LV) ejection fraction (EF) <40%, current use of class I or III anti-arrhythmic drugs for at least 1 week before the surgery. For evaluating POAF, patients were continuously monitored for arrhythmias during their stay in the intensive care unit. Standard 12-lead electrocardiographic recordings were obtained for all patients twice a day until their discharge. Additional electrocardiography recordings were taken if the patients develop new symptoms or signs, such as tachycardia or irregular pulse rhythm. Postoperative AF was defined as an irregular rhythm with a fluctuating baseline and no discernable P waves. Episodes lasting >30 s were considered. Study protocol was approved by the Institutional Ethics Committee and a detailed written informed consent was obtained from each patient.
Conventional Echocardiographic Study
Each patient underwent transthorasic echocardiography (Siemens, Sequoia, C256) using a 2.3 MHz -3.5 MHz transducer, 2 days before the surgery. LV end-diastolic and endsystolic diameters, interventricular septum and LV posterior wall (PW) thickness were measured from parasternal long- . At left, the velocity vectors of the left atrium (LA) and color map are seen. At right, segmenter left atrial VVI derived velocity, strain and strain rate curves are demonstrated. Different colors of curves show different segments of the LA. In this patient average of peak systolic strain of the LA was 14.8% and systolic strain rate (SRs) was 0.76 s -1 and early diastolic strain rate (ESRd) was 0.62 s -1 . (B) This figure demonstrates the VVI analysis of a patient without POAF. In this patient average of peak systolic strain of the LA was 26.5% and SRs was 1.16 s -1 and ESRd was 1.02 s -1 .
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axis view by using M-mode. From apical 4-chamber view, end-diastolic and end-systolic volumes of LV cavity and LVEF were calculated using modified Simpson's method. Both the LA horizontal and longitudinal systolic diameters were measured from apical 4-chamber view. Additionally maximal (max) and minimal (min) LA area and volumes were determined by the single-plane area -length method. 11 LA max volume (Volmax) was measured in ventricular endsystole just before mitral valve opening; min volume (Volmin) after mitral valve closure and pre-atrial volume (Volpre) at the onset of the "p" wave on ECG. Volmax was also indexed for body surface area and reported as LA volume index (LAVI). By using the LA volumes; the following LA functional parameters and fractions were also calculated; LA active emptying volume (AEV) [Volpre-Volmin] and its fraction (AEF%) [AEV/Volpre]; passive emptying volume (PEV) [Volmax-Volpre] and its fraction (PEF%) [PEV/Volmax]; LA total emptying volume (TEV) [Volmax-Volmin] and its fraction (TEF%) [TEV/Volmax]. In addition, conduit volume was defined as the difference between the LV stroke volume and TEV. For evaluating LV diastolic function; peak velocities of early (E) and late (A) diastolic filling, deceleration time (DT), isovolumic relaxation time (IVRT) were derived from pulsed-wave Doppler recordings of mitral inflow and As a result, we used LAVI, TEV, TEF% for evaluating LA reservoir function; PEV, PEF%, conduit volume for conduit function and AEV, AEF%, mitral peak A velocity for booster function.
TDI
Guided by the apical 4-chamber view, a 5 mm sample volume was placed just apical to the medial and lateral mitral annulus, identified using pulsed-wave tissue TDI. Settings were adjusted for a frame rate between 120 and 180 Hz and a cineloop of 3 to 5 consecutive heart beats were recorded. TDI-derived indices; peak velocity during systolic ejection (S'), peak early (E'), late diastolic (A') mitral annular velocities and E'/A' ratio were measured. Mitral E/E' ratio was calculated as previously described. Aiming to evaluate atrial segmental function, we have also recorded apical 4-and 2-chamber views of the both atria and determined sampling points for each basal, mid and superior atrial segments from septal, lateral, anterior and inferior walls of the LA and lateral wall of the RA. The peak atrial systolic (Sa) and early (Ea) and late (Aa) diastolic velocities were measured from each segment and averages were calculated.
VVI
Gray-scaled, 2-D apical 4-and 2-chamber views of the atria were recorded. The frame rate was kept between 70 Hz and 100 Hz and 1 beat acoustic capture function was used. Consequently we analyzed the left and the right atrial deformation properties offline by using the VVI software (Syngo VVI, Siemens Medical Solutions). After the endocardial borders were defined manually by the user for both atria, VVI software automatically tracks endocardial borders throughout the cardiac cycles and the velocity vectors were occurred (Figure 1) . Then we manually determined the sampling points for each basal, mid and superior atrial segments from septal, lateral, anterior and inferior wall for the LA and lateral wall for the RA during ventricle systole and at early diastole. For discriminating the different cardiac phases of systole and diastole, we measured the aortic valve closure time and the time interval from the beginning of QRS wave on ECG to peak E wave on Doppler. Consequently, systolic velocity, strain and strain rate curves were automatically occurred by the VVI software. Strain and strain rate are defined as the change in the relative distance between localized tracked trace points, combined with the difference in the relative displacement of tissue motion behind the tracked points. Global strain, systolic strain rate (SRs) and early diastolic strain rate (ESRd) were calculated by averaging the data revealed from all the segments analyzed in LA and RA (Figure 1) . Peak systolic strain and SRs were used to evaluate atrial reservoir functions while ESRd was used for the conduit functions. 13
Statistical Analysis
Statistical data were processed with Statistical Package for the Social Sciences 16.0 (SPSS 16.0, Chicago, IL, USA) program. The results were expressed as mean and standard deviation together with one-way ANOVA analysis was used for comparisons of the groups. Tukey multiple comparison test was used for comparison in subgroups. The cut-off point of variables age, LAVI, LA strain, SRs and ESRd in patients with and without POAF was analyzed by ROC analysis. Sensitivity, specificity, positive predictive value, negative predictive values were also calculated. Correlation analyses were derived by using Pearson analysis. Univariate analysis and multivariate logistic regression analysis were performed to determine the parameters that might predict the occurrence of POAF. The results were considered significant when the P-value was less than 0.05. To examine intraobserver variability, a sample of 10 VVI measurements were randomly selected and studied by the same observer on 2 different days. For interobserver variability a second observer blinded to the clinical information and to the results of the first observer's results, examined the same 10 measurements. Intraclass correlation coefficients for the same observer and different observers were calculated. 14 Because the VVI software is novel for quantifying LA functions, we also performed Bland Altman analysis to measure the reliability of our results. Table 1 summarizes the demographic and clinical variables of the study population. POAF occurred 25 of 96 patients (26%) in this study. None of the patients developed thromboembolic complications and in hospital mortality was 0%. 
Results
Clinical and Procedural Characteristic Data
Atrial Mechanical Dysfunction and POAF
AF was observed 3.1±1.8 days after the CABG. Duration of the AF was 18.4±12.6 h and sinus rhythm was restored in all patients with antiarrhythmic medical therapy (class II or III). Intracoronary unit stay was similar between the patients with or without POAF (P=0.22). The mean hospital stay was longer in patients with POAF (P=0.02) as expected.
Patients with POAF were older (P=0.001) and had more inferior MI rather than other locations (P=0.05). Postoperative pericardial effusion was associated with occurrence of POAF (P=0.05). Other demographic characteristics, preoperative medication, coronary anatomy and procedural properties were similar in study groups ( Table 1) .
Preoperative Echocardiography Data
Preoperative conventional echocardiographic data are listed in Table 2 . Patients with POAF had increased LV wall thickness and LAVI (P=0.0001). Maximal, minimal, preatrial and conduit volumes were similar within study groups. Active, passive, total emptying volumes and their fractions were also found similar (Figure 2) . LV diastolic dysfunction was obtained in both groups by conventional echocardiography.
There were no statistical difference between the 2 groups among the LV peak S' velocity (0.09±0.03 to 0.10±0.04 m/s; P=0.56), E' velocity (0.08±0.02 to 0.10±0.03 m/s; P=0.39), A' wave (0.09±0.01 to 0.10±0.01 m/s; P=0.46) and E'/A' ratio (0.86±0.15 to 0.85±0.16; P=0.71). However, E/E' ratio, which is known as the most accurate non-invasive parameter in estimating LV filling pressure, was higher in patients with POAF (8.7±1.9 to 7.0±1.3; P=0.001). In addition, no statistical differences were found over mean LA Sa velocity (P=0. 19 ), Ea velocity (P=0.27) and Aa velocity (P=0.28) between the patients with POAF and patients maintained in sinus rhythm. Right atrial TDI-derived Sa (P=0.35), Ea (P=0.54) and Aa (P=0.71) velocities were also found similar in study groups ( Table 3) .
LA Function by VVI
A total of 1,152 segments were used to identify regional longitudinal function of the LA from apical 4-and 2-chamber views. Because the superior segments velocity is lower and harder to identify compared to mid and basal segments, we were able to analyze 982 segments over 1,152 segments successfully. In addition, for RA analysis we were able to analyze 264 segments over 288 from apical 4-chamber view.
Preoperative longitudinal peak global systolic strain of Table 3) .
Relationships of LA Deformation Indices With Clinical and Echocardiographic Variables
Correlation analyses for VVI-derived strain, SRs and ESRd among clinical and conventional echocardiographic parameters were also evaluated. Longitudinal peak systolic strain of the LA and SRs were significantly correlated with age, LA volume index and the degree of LV diastolic dysfunction (Figure 3) . In addition, LA ESRd also correlated with age (r=-0.32, P=0.003), degree of LV diastolic dysfunction (r= -0.48, P=0.0001) and LA conduit volume (P=0.28, P=0.04).
Determination of the Preoperative Clinical and Echocardiographic Predictors of POAF
In univariate analysis, age (R 2 : 0.32, P=0.03), inferior MI (R 2 : 0.28, P=0.04), LV hypertrophy (R 2 : 0.35, P=0.03), postoperative pericardial effusion (R 2 : 0.25, P=0.05), LA volume index (R 2 : 0.83, P=0.0001), E/E' (R 2 : 0.79, P=0.0001), LA strain (R 2 : 0.98, P=0.0001), LA SRs (R 2 : 0.72, P=0.0001) and LA SRd (R 2 : 0.32, P=0.03), were found to be the parameters associated to occurence of POAF. In multivariate logistic regression analysis, age, LA volume index, LA strain, SRs and SRd were found to be the independent predictors for POAF ( Table 4 ).
Evaluating the Additive Value of Deformation Indices Over Age and LA Volume Index
Patients with POAF was older than patients maintained in sinus rhythm (P=0.001). We found that 52% of POAF patients and 56% of patients without POAF were over 65 years old. When we compare the patients who were over 65 according to their deformation indices, we found that patients who developed POAF had more LA systolic deformation (strain: 40.2±5.1 to 50.4±6.1%, P=0.0001 and SRs: 1.4±0.1 to 1.7± 0.2 s -1 , P=0.0001) compared to those remained in sinus rhythm. When we divide the patients according to their LAVI (increased LAVI means ≥29 ml/m 2 ), 16 we observed that 80% of the patients who developed POAF and 31.2% of the patients maintained in sinus rhythm had increased LAVI. 
ROC Analysis
The ROC curves assessed for age, LAVI and preoperative LA deformation parameters for predicting POAF. The optimal cut-off point for age was 61 years with 76% sensitivity and 56% specificity (area under curve [AUC]: 0.63, confidence interval [CI]: 0.53-0.73; P=0.05). LAVI predicted development of POAF when the cut-off point was 32 ml/m 2 with 72% sensitivity and 92.9% specificity (AUC: 0.85, CI: 0.76-0.91; P=0.0001) (Figure 4A) . The optimal cut-off point for LA strain was found 44.0% with 88.7% sensitivity and 96% specificity (AUC: 0.94, CI: 0.87-0.98; P=0.0001). The optimal cut-off point of LA SRs and SRd were 1.7 s -1 (88% sensitivity and 86.2% specificity, AUC: 0.79, CI: 0.69-0.87; P= 0.0001) and 1.95 s -1 (72% sensitivity, 70.4% specificity, AUC: 0.77, CI: 0.68-0.86; P=0.0001) respectively (Figure 4B) .
VVI Measurements' Reliability
Intraclass correlations for intraobserver variability were good for VVI-derived parameters. (LA strain: 0.90, 95%CI 0.74-0.97; LA SRs: 0.94, 95%CI 0.79-0.99 and LA SRd: 0.97, 95%CI 0.86-0.98) The intraclass correlations for interobserver variability were also good for VVI-derived measurements (LA strain: 0.92, 95%CI 0.74-0.96; LA SRs: 0.93, 95%CI 0.72-0.97 and SRd: 0.93, 95%CI 0.75-0.97). In addition, by Bland Altman analysis, interobserver variability was 2.1% (95%CI: -21%, 20.4%) and intraobserver variability was 0.8% (95%CI: -19.2%, 18.0%) for LA systolic strain. Interobserver variability was 3.1% (95%CI: -0.24, 0.20%) and intraobserver variability was 0.7% (95%CI: -17.1, 18.3%) for LA SRs. Similarly both the interobserver variability (1.4%; 95%CI: -19.8, 19.0) and intraobserver variability (0.4%; 95%CI: -16, 17.0) was good for LA ESRd.
Discussion
To our knowledge, this is the first study analyzing the properties of preoperative atrial mechanical functions in patients with POAF by using the combined novel imaging methods; VVI-based 2-D strain imaging and TDI. Previous studies using conventional echocardiographic techniques, failed to show the correlation between the occurrence of POAF and atrial systolic dysfunction. 15, 16 In this study, we demonstrated preoperative LA structural remodeling and mechanical dysfunction in patients who developed POAF after CABG operation by novel VVI.
Although the etiology of the POAF is not completely understood, pre-existing atrial dysfunction, which might be related to hypertension, age, mechanical damage, volume overload, intraoperative atrial ischemia, electrolyte imbalance, might play a role. 15, 16 Pre-existing LA dysfunction might lead to a higher risk of POAF due to increased atrial electrical vulnerability and neurohumoral activation. Impaired LA systolic function associated with increased LA pressure and this causes electrical remodeling with a shortening of the atrial refractory period, increase in dispersion. 15 In addition, significant increase in sympathic tone during postoperative period will trigger the development of POAF.
Identification of the clinical predictors of POAF is important for targeting the patients with high risk of POAF. Intensive prophylactic antiarryhthmic therapy might prevent occurrence of POAF and also the longer in hospital stays, and unnecessary costs. 16 Assessment of the pre-existing LA mechanical dysfunction might be used as clinical evidence for identifying patients with high risk of POAF. Although conventional echocardiography is widely used to evaluate LA functions, various limitations such as single plane assessment, dependence on LV hemodynamic and image quality deficits exist. 15 However, a golden standard parameter that reflects LA contractility is still needed. Quantitative assessment of LA functions using invasive methods is also clinically difficult because of simultaneous LA volume and pressure measuring requirements. Recently, PW TDI technique was introduced as an important step towards more reliable and accurate measures of cardiac regional functions. 15 Nevertheless, this method is still problematic due to cardiac rotational motion and tethering effects. Doppler based strain imag- ing, which determines endocardial deformation is confirmed to be superior than conventional TDI. 16, 17 It emerged as a quantitative technique that accurately estimate myocardial functions and contractility independent of changes in load, cardiac rotational motion and tethering effects. Limited number of previous studies report that assessment of strain imaging might also be feasible for evaluating LA functions. 18, 19 Being 1-D and angle dependent, Doppler based strain imaging has limitations, which opened the way for 2-D strain imaging techniques such as speckle tracking and VVI. 20, 21 In this study, we used VVI-derived systolic and diastolic indices to evaluate subclinical preoperative atrial dysfunction. We found statistically significant impairment in LA systolic strain/SRs and ESRd in patients with POAF compared to the patients maintained in sinus rhythm after CABG operation. Decreased values in SRs might be a surrogate marker of impaired LA reservoir function -that is the passive stretching of the LA wall during LV systole. 22, 23 Using conventional echocardiography, we also observed increase in LA volume index in patients with POAF that was compatible with VVIderived deformation indices. We consider that an increase in atrial stiffness due to atrial remodeling might explain the underlying pathologies triggering POAF. Supporting our results, Di Salvo et al 26 reported that, after electrical cardioversion for AF, sinus rhythm maintenance correlated strongly with the degree of impairment in atrial compliance assessed by strain imaging. Kaya et al 24 demonstrated that LA strain and SRs were significantly lower 1 day after the cardioversion and these values improved over time measured in 10 days after the cardioversion. In this study, we also demonstrated that ESRd was decreased in POAF group, suggesting impaired LA conduit functions. Previous studies demonstrated that LA conduit function could be assessed by using conduit volume and ESRd. ESRd is an important determinant of LV filling and represents the volume that passes through the LA. 25 In this study, conduit volume, assessed by conventional methods, was mildly decreased in POAF patients but could not reach to statistical significance. However, LA ESRd, which was significantly correlated with conduit volume, was statistically impaired in patients with POAF. These findings are parallel with previous studies analyzing atrial deformation properties in AF. 25, 29 We did not examine the late SRd because several previous studies did not demonstrate any significant deformation in late diastole in patients with AF. 26 In this study, conventional LA functional parameters failed to determine changes in LA functions in patients with POAF. LA volume index was the only parameter, which had a statistically significant change in POAF patients. Many previous studies showed the association between the LAVI and development of POAF. 27 However LAVI might not be sufficient alone to identify patients with high risk of POAF. In our study, when we separately analyze the patients with increased LAVI, we observed that patients who developed POAF had more LA systolic deformation compared to patients maintained in sinus rhythm. Moreover, we found that in POAF group, patients with LAVI in normal range had similar degree of LA deformation with patients with increased LAVI. These findings showed us that we could obtain LA deformation independent from LA enlargement and LA deformation might be a risk for occurrence of POAF independent from LAVI.
Transmitral peak A-wave velocity which, measures blood flow velocity during atrial contraction is used as a marker of LA contractility. 25 But we could not find any difference among both PW and TDI-derived peak A wave velocities; between the study groups. When analyzed further, TDI derived atrial regional functions were also similar. Contrasting our study, Di Salvo et al 30 were able to demonstrate regional LA dysfunction in patients with permanent AF who had restored to sinus rhythm after cardioversion when compared to normal patients. In our study, we did not include healthy patients as a reference which, when included, might have led us to find statistical difference at least between, patients who underwent CABG surgery and normal population. Chronic process of AF might be another factor that might affect the deformation process in the LA wall and also changes in TDI-derived systolic velocities.
We also analyzed regional right atrial functions by both TDI and VVI methods. However, we found no significant difference between the study groups in terms of RA longitudinal systolic velocities and deformation properties. Di Salvo et al 26 reported normalization in TDI-derived RA systolic velocities 1 month after cardioversion in chronic AF patients while LA velocities failed to normalise at 6 months. These results might be explained by the different effects of AF on atrial mechanical remodelling among left and right atria.
In multivariate logistic regression analysis, age, LAVI, LA strain, SRs and ESRd were the independent predictors associated with the occurrence of POAF. Furthermore, we demonstrated that deformation indices could be used in the prediction of POAF independent from age and LAVI. Cut-off points for the LA deformation indices might be useful to preoperatively determine patients with high risk of developing POAF. We think that further, large-scaled studies are needed to define definite cut-offs for LA deformation properties.
Strengths and Limitations
Strength of the manuscript is detailed atrial function evaluations by conventional indices accompanied by 2 novel imaging techniques, which are known to be reliable predictors of subclinical cardiac dysfunctions. The comparative results of 3 imaging techniques used point to the importance and superiority of strain imaging in analyzing subclinical atrial dysfunction. There are also some limitations of the study. First, we did not compare our results with a golden standard method for LA function. Second, being a single-centered study with a limited number of patients might have affected our results. We believe that further studies are needed to evaluate efficiency of VVI imaging on atrial functions by comparing it with an invasively measured LA pressure and LA strain data, to confirm our results.
Conclusions
In conclusion, VVI-derived strain imaging is a novel echocardiographic technique, which might be used as an adjunctive non-invasive method for evaluating subclinical atrial mechanical dysfunction in patients undergoing CABG. This might help us to identify patients with high risk of POAF and prevent occurrence of POAF after CABG.
